Introduction {#s1}
============

Type 1 diabetes (T1D) is an immune-mediated disease in which insulin-producing β-cells are destroyed ([@B1]). A number of studies have used various forms of immune intervention in recent-onset T1D, usually initiated within 3 months of diagnosis, in an attempt to preserve residual β-cell function. We previously reported that costimulation modulation with abatacept administered for 2 years slowed decline of β-cell function over this period in patients with recent-onset T1D ([@B2]). Longer-term, chronic therapy designed to alter the immune response may carry untoward effects that outweigh the benefits of therapy. Moreover, the therapeutic window for effect of such approaches may be limited to the peri-diagnosis period. In addition, transient alteration of the rate of β-cell dysfunction early in diagnosis may have long-term clinical benefits ([@B3],[@B4]). Thus, this trial was designed for 2 years of therapy, with continued follow-up to evaluate risks and benefits after the prespecified primary study outcome at 2 years. Herein, we report the effect of abatacept in T1D 1 year after discontinuation of the study drug.

Research Design and Methods {#s2}
===========================

In our earlier report ([@B2]), we described the study design and patient characteristics. [Figure 1](#F1){ref-type="fig"} depicts the CONSORT diagram, showing randomization/enrollment and retention of subjects during the study through 36 months of follow-up. The baseline characteristics of the two groups are summarized in [Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc13-0604/-/DC1). A total of 112 patients were enrolled in a double-masked parallel-group design and were randomized in a 2:1 ratio, with 77 subjects receiving abatacept and 35 subjects receiving placebo. Abatacept (CTLA4-Ig, Orencia; Bristol-Myers Squibb) was given as a 30-min intravenous infusion at a dose of 10 mg/kg (maximum 1,000 mg/dose) in 100 mL 0.9% sodium chloride on days 1, 14, and 28 and then every 28 days, with the last dose on day 700 (total 27 doses). Normal saline infusion was used as placebo. Patients did not receive any premedication. β-Cell function was evaluated by stimulated C-peptide secretion. The prespecified primary outcome of this trial was a comparison of the area under the curve (AUC) of stimulated C-peptide response over the first 2 h of a 4-h mixed-meal tolerance test (MMTT) conducted at the 24-month visit. Four-hour MMTTs were performed at baseline and at 24 months; 2-h MMTTs were performed at 3, 6, 12, and 18 months. After completion of the 2-year treatment phase, subjects entered a follow-up phase to continue to assess safety and efficacy, including the performance of 2-h MMTTs at 30 and 36 months.

![Enrollment, randomization, and follow-up of study participants.](1069fig1){#F1}

The study protocol is available at the Type 1 Diabetes TrialNet public Web site: [www.diabetestrialnet.org](http://www.diabetestrialnet.org).

Statistical Analyses {#s3}
--------------------

Details of the statistical plan are included in our earlier report ([@B2]). In summary, all analyses were based on the prespecified intention-to-treat (ITT) cohort with known measurements. Missing values were assumed to be missing at random. The *P* values associated with the ITT treatment comparisons of the primary and secondary end points are one-sided. The prespecified analysis method for C-peptide mean AUC, HbA~1c~, and total daily insulin dose was an ANCOVA model adjusting for baseline age, sex, baseline value of the dependent variable, and treatment assignment. In the protocol design, a normalizing transformation ofwas prespecified for C-peptide AUC mean, and normal plots of the residuals indicated that it was adequate transformation in order to fulfill the assumptions of the linear model used in the analysis. The C-peptide mean AUC equals the AUC divided by the 2-h interval (i.e., AUC/120). The AUC was computed using the trapezoidal rule from the timed measurements of C-peptide during the MMTT. Means that are calculated on this normalizing scale and then inverse transformed back are referred to as geometric-like means. The time to peak C-peptide falling to \<0.2 nmol/L was analyzed using the Cox proportional hazards model, which assumes a constant hazard ratio for treatment group. The data would suggest that this ratio is not constant, and the estimate provides an approximate average over the follow-up period. Note that 95% CIs are more akin to two-sided tests while all *P* values reported are one-sided in accordance with the design, which is based on a one-sided hypothesis test.

Results {#s4}
=======

In the primary analysis at 2 years, those subjects assigned to abatacept had a population mean stimulated C-peptide 2-h AUC, adjusted for age, sex, and baseline C-peptide, of 0.378 nmol/L (95% CI 0.328--0.431) vs. 0.238 nmol/L (95% CI 0.167--0.312) for those assigned to placebo (*P* = 0.0014). At 3 years, 1 year after discontinuation of treatment, population mean stimulated C-peptide 2-h AUC, adjusted for age, sex, and baseline C-peptide, was 0.217 nmol/L (95% CI 0.168--0.268) in the abatacept group vs. 0.141 nmol/L (95% CI 0.071--0.215) in the placebo group (*P* = 0.046). [Figure 2*A*](#F2){ref-type="fig"} displays the adjusted population C-peptide mean 2-h AUC over 3 years. Subjects who received abatacept had a significantly higher mean AUC of 28%, 30%, 38%, 59%, 48%, and 54% compared with placebo subjects at 6, 12, 18, 24, 30, and 36 months, respectively. The geometric-like means of the unadjusted values for mean stimulated C-peptide 2-h AUC at 2 years were 0.375 nmol/L in the abatacept group and 0.266 nmol/L in the placebo group and at 3 years were 0.214 nmol/L in the abatacept group and 0.156 nmol/L in the placebo group.

![*A*: Population mean of stimulated C-peptide 2-h AUC mean over time for each treatment group. The estimates are from the ANCOVA model adjusting for age, sex, baseline value of C-peptide, and treatment assignment. *y*-Axis is on a log(*y* + 1) scale. The significance level at 36 months is 0.046. Error bars show 95% CI. *B*: Predicted population mean of stimulated C-peptide 2-h AUC mean over time for each treatment group. Estimates are from the analysis of mixed-effects model adjusting for age, sex, baseline value of C-peptide, and treatment assignment and including a fixed effect for time as a linear line on the log(*y* + 1) scale. The significance level of the difference between the two parallel lines is 0.0011. *C*: The proportion of participants with 2-h peak C-peptide remaining ≥0.2 nmol/L over time for each treatment group.](1069fig2){#F2}

The predicted population mean of C-peptide AUC by treatment group over time was calculated to display the impact of treatment on delaying the decline of C-peptide ([Fig. 2*B*](#F2){ref-type="fig"}). Considering the entire 3-year observation period, the estimated lag time in the means of the abatacept group to drop to the same level as the placebo group is 9.5 months (95% CI 3.44--15.7), *P* = 0.0011. At 2 years, this was 9.6 months, indicating a consistent parallel separation when including the third-year data.

After the 36-month assessment, 35% of subjects in the abatacept group continued to have a peak stimulated C-peptide \>0.2 nmol/L compared with 30% among placebo subjects ([Fig. 2*C*](#F2){ref-type="fig"}); the difference (5%) is considerably smaller than 13% observed at 2 years. Thus, the rate of the peak C-peptide falling to \<0.2 nmol/L for the abatacept group was initially less but increased after year 2 and is close to that in the placebo group. However, the adjusted relative risk estimate of the peak C-peptide falling to \<0.2 nmol/L (based on proportional hazards model and adjustment for age, sex, and baseline C-peptide) was 0.60 (abatacept to placebo group; 95% CI 0.34--1.1; *P* = 0.043).

At 2 years, the adjusted mean HbA~1c~ was lower in the abatacept group (7.21 \[95% CI 6.96--7.46\]) than in the placebo group (7.87 \[95% CI 7.48--8.26\]). During the extended follow-up, the abatacept group continued to have a lower adjusted mean HbA~1c~ than the placebo group, with the values at 3 years being 7.64 (95% CI 7.28--7.99) in the abatacept group and 8.55 (95% CI 8.00--9.11) in the placebo group ([Fig. 3*A*](#F3){ref-type="fig"}). Noteworthy for HbA~1c~ is that the significance levels are \<0.005 for all 6-month interval group differences. However, insulin doses in the two groups were nearly the same at 3 years (difference: 1%), with a nonsignificant difference of 4% at 2 years and only significantly less use in the abatacept group at 6 and 12 months ([Fig. 3*B*](#F3){ref-type="fig"}).

![The population mean of HbA~1c~ (significance levels are \<0.005 for all 6-month interval group differences) (*A*) and insulin use over time (*B)* for each treatment group (only statistical significance for less use in the abatacept group was at 6 and 12 months). The estimates are from the ANCOVA model adjusting for age, sex, baseline value of HbA~1c~, and treatment assignment. Insulin use is per kilogram of body weight at 3-month intervals. Error bars show 95% CIs.](1069fig3){#F3}

Further analyses of the predefined subgroups are shown in [Fig. 4](#F4){ref-type="fig"}. The homogeneity test of treatment effect was significant for DR3 allele status (*P* = 0.025) and race (*P* \< 0.001). The significance level of the qualitative interaction between DR3 allele and treatment was adjusted for multiple comparisons and remained significant (*P* = 0.014). The significance level of the homogeneity test for race may be spurious, stemming from the small sample nonwhites assigned placebo (*N* = 3) and the potential lack of normally distributed C-peptide values required for a valid model-based test.

![The ratio (abatacept to placebo) of treatment effect on 3-year stimulated C-peptide (C-Pep.) AUC mean within categories of prespecified baseline factors. The estimates are from the ANCOVA modeling log of C-peptide adjusting for age, sex, baseline value of C-peptide, the indicated categorized factor, treatment assignment, and treatment interaction terms. Error bars show 95% CI.](1069fig4){#F4}

No new safety issues emerged during the extended follow-up ([Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc13-0604/-/DC1)).

Conclusions {#s5}
===========

We previously reported the primary outcome of this clinical trial ([@B2]). Those results demonstrated that 2 years of costimulation modulation with abatacept slows the decline of β-cell function, measured by C-peptide as an index of endogenous insulin production, in recent-onset T1D. The current report, which extended follow-up of subjects for an additional year without further abatacept therapy, shows that the difference between the abatacept and placebo groups is maintained, with the delay in decline of β-cell function estimated to be 9.5 months---virtually identical to the estimated delay of 9.6 months seen after 2 years of abatacept therapy. Thus, it would appear that postcessation, the autoimmune response did not rebound to a more aggressive state, but rather, the subjects previously treated with abatacept experienced a gradual and continued loss of β-cell function at a rate similar to that seen in the placebo group. These data suggest that costimulation blockade initiated within 3 months of diabetes onset transiently alters the natural history of disease progression. At the time of onset of diabetes, when there is an ongoing autoimmune response, costimulation blockade appears to arrest or diminish T-cell--mediated effects on β-cell function. Subsequent, monthly treatment may maintain this effect but does not appear to extend or amplify it. At a mechanistic level, such an outcome could be ascribed to modulation of costimulation-dependent autoreactive T-cells that are specifically recruited in the peri-diagnosis period, perhaps as a component of epitope spreading. There is evidence to indicate that at the doses used in the current study, abatacept is highly effective in limiting priming of T-cell and B-cell responses to newly encountered antigens ([@B5],[@B6]). However, after the initial postdiagnosis response abatacept treatment does not alter further the tempo of the underlying, progressive loss of β-cell function. This may imply that this later component of the autoimmune process is costimulation independent. This would also be consistent with the observation that cessation of costimulation blockade does not result in acceleration of decline in β-cell function.

It is not known how late after diagnosis abatacept treatment could be used. Also, an unanswerable question, from the current data alone, is whether a shorter treatment protocol would be sufficient to maintain the slowed decline of β-cell function. This is a particularly important issue, since abatacept is a potential candidate to be tested in a trial for prevention of T1D in individuals determined to be at high risk for the disease. Abatacept also is a candidate to be a component of a combination therapy protocol in recent-onset T1D. The apparent lack of effect of abatacept in HLA-DR3--negative subjects needs further study. It is not related to age, as the mean age in HLA-DR3 positive subjects was 14.5 years and the mean age in HLA-DR3--negative subjects was 14.9 years, with no statistically significant shift in age distribution.

Four recent randomized trials with adequate sample size that have demonstrated some preservation of β-cell function in T1D as evidenced by stimulated C-peptide secretion, including the earlier report from this trial using abatacept for costimulation modulation. The other trials have used anti-CD3 ([@B7],[@B8]), and anti-CD20 ([@B9]). Interestingly, in all of these trials the treatment effect diminished with time, such that after an initial effect, C-peptide secretion subsequently declined parallel to the control group in all of these studies. Yet, continued effects on insulin dose were seen after 4 years in one of the anti-CD3 trials ([@B10]).

Whether a transient change in the natural course of the disease will have long-term clinical benefit is unknown. In this regard, it is important to reflect upon the results from the Diabetes Control and Complications Trial (DCCT). In that trial, after the primary end point was met and all individuals were offered intensive therapy, there were no longer differences between the two groups with regard to HbA~1c~ ([@B11]--[@B13]). Yet, the previously intensively treated group had less retinopathy and nephropathy even after the HbA~1c~ levels converged ([@B11],[@B12]) and less macrovascular disease \>15 years later ([@B13]). These observations suggest that a short-term treatment close to diagnosis had a clinically important effect many years later ([@B11]--[@B13]). Remarkably, in our trial the significantly improved HbA~1c~ persisted in the abatacept-treated group even after discontinuation of the therapy. In the light of the DCCT trial results, this may translate into reduction of micro- and macrovascular complications at later stage.

In the current study, we demonstrate that treated subjects as a group maintain better HbA~1c~ and still have more insulin secretion 3 years after diagnosis than the placebo-treated subjects, although the number maintaining C-peptide \>0.2 nmol/L diminished. Even if the eventual course of β-cell destruction in these individuals results in essentially absent β-cell function over time, this early preservation may, like the DCCT treatment, have long-term benefits. Continued long-term follow-up of these cohorts will be needed to address this important question. Moreover, the optimal duration of treatment is unknown. Further studies are indicated to clarify the role of costimulation blockade in altering the course of recent-onset diabetes and in preventing the disease in individuals at risk thereof. To that end, a prevention study is currently under way (clinical trial reg. no. NCT01773707, clinicaltrials.gov).

Supplementary Material
======================

###### Supplementary Data

This article contains Supplementary Data online at <http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc13-0604/-/DC1>.
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